In addition to silencing specific genes, small interfering RNA (siRNA) transfection is also associated with the non-specific induction of inflammatory cytokines and type I interferon.
INTRODUCTION
RNA interference is a post-transcriptional gene-silencing process by which double-stranded RNA directly degrades sequence-specific mRNA (1) (2) (3) . In mammalian cells, RNA interference can be triggered by 21-25 nucleotide (nt) lengths of synthetic RNA duplexes, referred to as small interfering RNA (siRNA) (4, 5) . Typically, siRNAs are chemically synthesized with a central 19-bp duplex region and symmetric 2-base 3 0 overhangs on the termini, with each strand having a 5 0 phosphate group and a 3 0 hydroxyl group. siRNAs can be exogenously introduced into cells by various transfection methods to knockdown a specific gene of interest. The potential of 21-mer siRNAs for use as therapeutic agents to reduce the activity of specific gene products has received considerable attention, and successful knockdown of target gene expression in mice has been demonstrated by several groups (6) (7) (8) (9) (10) .
In the innate immune system, pattern recognition receptors (PRRs) in host cells recognize conserved pathogenassociated molecular patterns expressed by microbes and then activate immune responses (11, 12) . Many nucleic acids, including double-and single-stranded RNA and DNA, can stimulate innate immune responses (13) (14) (15) . siRNAs were originally thought incapable of inducing immune responses because they are short and designed to mimic the natural product of Dicer in vivo. However, a number of recent studies have shown that siRNA can induce strong innate immunity (16) (17) (18) (19) . Examples include the production of interferon (IFN)-a, tumour necrosis factor alpha, interleukin (IL)-6 and IL-12. Previous *To whom correspondence should be addressed. Tel: +1 301 846 5450; Fax: +1 301 846 6762; Email: timamichi@mail.nih.gov studies indicated that transfection of siRNA could activate double-stranded RNA-activated protein kinase R (PKR) or toll-like receptor 3 (TLR3) in a sequenceindependent pattern (16, 19) or sequence-dependently recognized by TLR7 in mice and TLR7/8 in humans (20) . siRNA can be chemically synthesized, but it can also be delivered into cells through viral vector-transcripted short-hairpin RNA (shRNA) (21) . Kenworthy et al. reported that shRNA delivered by a lentiviral vector triggers RIG-I-mediated IFN activation. This IFN activation depends on the sequence, a 5 0 triphosphate and correct processing of the RNA hairpin by Dicer (22) .
The mechanisms that drive the immunostimulatory properties of the siRNA as well as the recognition pathway and signalling components involved in sensing siRNA are still incompletely understood. Of all three subtypes of IFNs, type III IFNs are the most recently discovered (23, 24) . In humans, type III IFNs include the three members IFN-1, IFN-2 and IFN-3 (also known as IL-29, IL-28A and IL-28B, respectively), which can also exert broad antiviral activity, yet they use a distinct heterodimeric receptor complex (IFN-R1/IL-10R2) compared with type I IFNs (23, 24) . To our knowledge, there is no report describing whether transfection of siRNA induces type III IFNs or has any effect on other reagent-mediated type III IFNs. Investigation of this question will provide a comprehensive evaluation of the immunological functions of siRNA and shed light on potential clinical application of siRNA-based reagents.
We have previously reported that transfection of noncoding DNA plasmids or infection by a DNA virus, herpes simplex virus (HSV) type-2, led to a robust and selective induction of IFN-1 in several cell types. Ku70, a protein involved in DNA repair, has been identified as a double-stranded DNA binding protein to initiate type III IFN using IRF1 and IRF7 (25) . Based on these findings, the present study was initially sought to elucidate the mechanism of DNA-mediated type III immune activation by knocking down potential signal mediators using siRNAs. Unexpectedly, we found that siRNA had a profound enhancing effect on the DNA-mediated induction. The results of this study show for the first time that siRNA significantly enhances DNA-mediated IFN-1 production. Further investigation revealed that the induction of type III IFN by siRNA occurs via a crosstalk between siRNA sensor, RIG-I and DNA sensor, IFI16 signalling pathway.
MATERIALS AND METHODS

Cells, antibodies, viruses and siRNAs
Human cervical cancer (HeLa), human embryonic kidney 293 (HEK293), human rhabdomyosarcoma (RD), SV40 T-antigen transformed HEK293 (293T) and acute monocytic leukaemia (THP-1) cell lines were obtained from American Type Culture Collection (Rockville, MD, USA) and maintained following manufacturer's instructions. To obtain monocyte-derived immature dendritic cells (iDC), CD14 + monocytes were isolated from peripheral blood mononuclear cells (PBMCs) of healthy donors as previously described (26) , and monocytes were cultured at 0.5 Â 10 6 cells/ml in RPMI1640 (Invitrogen, Carlsbad, CA, USA) containing 10% fetal bovine serum (FBS) (Hyclone, Logan, UT, USA); 50 ng/ml granulocyte macrophage colony-stimulating factor (GM-CSF) (R&D Systems, Minneapolis, MN, USA); 50 ng/ml IL-4 (R&D Systems); 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (Quality Biology, Gaithersburg, MD, USA) and 5 mg/ml Gentamicin (Invitrogen) for 7 days. Non-adherent cells were harvested as iDCs for use in the subsequent experiments. Antibodies used in this study were as follows: anti-RIG-I (Cell Signalling Technology, Danvers, MA, USA); anti-IFI16 (Santa Cruz, Santa Cruz, CA, USA); anti-STING (LifeSpan BioSciences, Seattle, WA, USA); anti-TBK1 and anti-Flag (Cell Signalling Technology) and anti-IRF3 (Santa Cruz). For virus infection, HSV-1 (MacIntyre strain; Advanced Biotechnologies, Columbia, MD, USA) was used. All double-stranded or singlestranded siRNAs were chemically synthesized by Applied Biosystems (Foster City, CA, USA) or Integrated DNA Technologies (Coralville, IA, USA). The sequences or siRNA ID# is listed in the Supplementary Table S1 .
Gel electrophoresis and western blot
Cell lysates were prepared using radioimmunoprecipitation assay (RIPA) buffer (Thermo scientific, Rockford, IL, USA) in the presence of protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA) and Halt phosphatase inhibitor cocktail (Thermo scientific). Samples for native gel electrophoresis were prepared in an NP40-containing lysis buffer (50 mM HEPES, pH7.4, 125 mM NaCl, 0.2% NP40) with protease and phosphatase inhibitor cocktails. Protein concentrations of the cell lysates were quantified using a BCA protein assay (Thermo Scientific) to ensure equal amounts of total protein were loaded in each well of NuPAGE 4-12% Bis-Tris Gel (Invitrogen). Samples for the IRF-3 dimerization assay were run on a polyacrylamide gel under nondenaturing conditions. Proteins were transferred onto a nitrocellulose membrane and blotted with the appropriate antibodies, followed by the horseradish peroxidase (HRP)-conjugated secondary antibodies, and the detection was performed using ECL plus western blotting detection reagents (GE Healthcare, Piscataway, NJ, USA). The intensity of the band was analysed by NIH Image J (http://rsbweb.nih.gov/ij/). 
Plasmids
Plasmid DNA, used as a stimulator, was the empty pCR2.1 vector (Invitrogen). The His-tagged IFI16 expression vector was constructed as follows: IFI16 cDNA was synthesized from the total cellular RNA of IFN-a-treated HeLa cells using the Superscript FirstStrand Synthesis System for reverse transcriptase-polymerase chain reaction (RT-PCR) (Invitrogen). The reverse-transcripted cDNA encoding IFI16 was cloned into pEF1/V5-His (Invitrogen). The insertion was confirmed by DNA sequencing using BigDye version 3.0 (Applied Biosystems). Other expression vectors used in this study were constructed using a similar method. The cDNA encoding RIG-I, STING and TBK1 were cloned into pEF1-Flag, pEF6/Myc-His and pEF1/V5-His (all vectors were obtained from Invitrogen), respectively. The DNA encoding the IFN-1 promoter region amplified from HeLa genomic DNA was cloned into the pGL4 luciferase vector (Promega, Madison, WI, USA) and named as pGL4-IFN-1. A plasmid pTK-RL, which expresses Renilla luciferase under the control of HSV thymidine kinase promoter was obtained from Promega and was used to normalize experimental variations such as transfection efficiency.
Luciferase assay for IFN-j1 promoter activity 293T cells (30 Â 10 3 cells/well) were seeded in six-well plates and co-transfected with 100 ng of pGL4-IFN-1, 10 ng of pRL-TK (Promega) and designated amounts of RIG-I, IFI16, STING or TBK1 expression vectors. The cells were transfected with 10 nM siRNA on day 2 and further transfected with 1 mg of pCR2.1 plasmid DNA on day 3. On day 4, the cells were collected for the luciferase assay. This assay was performed using the Dual-Glo luciferase assay system reagents (Promega) and relative luciferase activity calculated based on the ratio of the luminescence of firefly luciferase to Renilla luciferase.
RNA extraction and real-time reverse transcription PCR
Total cellular RNA was isolated from cells using the RNeasy isolation kit (Qiagen, Valencia, CA, USA). The cDNA was synthesized from total RNA using Taqman reverse transcription reagents (Applied Biosystems) with random hexamer primer, according to the manufacturer's instructions. IFN-1 mRNA expression levels were measured using quantitative RT-PCR on a CFX96 realtime system (BioRad, Hercules, CA, USA); the twotemperature cycle of 95 C for 15 s and 60 C for 1 min (repeated for 40 cycles) was used. Relative quantities of IFN-1 transcripts were calculated using the ÁÁCt method with GAPDH as a reference. Normalized samples were expressed relative to the average ÁCt value for controls (untreated cells or cells without siRNA transfection) to obtain relative fold change in expression levels. Probes specific for IFN-1 (Hs01050642_gH) and GAPDH (Hs99999905_m1) were purchased from Applied Biosystems.
Oligonucleotide pull-down assay and mass spectrometry Cytoplasmic extracts were generated by disrupting IFNa-treated HeLa cells using hypotonic buffer (Active Motif, Carlsbad, CA, USA), and pelleting the cell debris by centrifugation at 14 000g for 10 min at 4 C. A total of 1 mg of cytoplasmic proteins were incubated with 100 ml of Dynabeads M-280 streptavidin (Invitrogen) conjugated with 2 nmol 5 0 biotinylated siRNA or 100 bp linearized DNA. Precipitated oligonucletide-protein complexes were washed extensively in protein binding buffer (20 mM HEPES, 50 mM KCL, 10% glycerol, 5 mM MgCL 2 and 1 mM dithiothreitol (DTT)). Proteins were eluted from the beads by boiling in NuPAGE lithium dodecyl sulfate (LDS) sample loading buffer (Invitrogen) and were separated on NuPAGE 4-12% Bis-Tris gel (Invitrogen) and stained using Silver Quest (Invitrogen). Individual bands were excised from the gel, digested using trypsin and analysed by liquid chromatography and mass spectrometry (MS; LTQ XP, ThermoElectron, San Jose, CA, USA) (27) .
Co-immunoprecipitation
HeLa cells (1 Â 10 6 ) were seeded on 100-mm dishes and transfected with a FLAG-tagged RIG-I expression vector using a TransIT-HeLaMONSTER Transfection Kit (Mirus Bio LLC). The cells were further transfected with 10 nM siRNA and 10 mg of plasmid DNA at day 2 and day 3, respectively. The cells were lysed in Pierce immunoprecipitation (IP) lysis buffer (Thermo Scientific) with 10% glycerol (Sigma-Aldrich). The lysates were centrifuged at 10 000g for 10 min at 4 C to remove cell debris. The supernatants were immunoprecipitated with anti-Flag agarose (Sigma-Aldrich), and analysed by immunoblotting with anti-FLAG (Cell Signalling Technology) or anti-IFI16 antibody (Santa Cruz).
For an siRNA cleavage assay, HeLa cells in a 100-mm culture dish were transfected with 10 mg of FLAGtagged RIG-I vector (pRIG-I-FLAG) followed by 10 nM siRNA transfection as described above. The cells were then harvested 24 h after siRNA transfection and lysed using Pierce IP lysis buffer, and then treated with or without 0.01 U/ml of RNase V1 (Invitrogen) at 25 C for 10 min. The treated samples were immunoprecipitated with anti-FLAG agarose as described above.
Enzyme-linked immunosorbent assay
The level of IFN-1 or IFN-b protein in culture supernatants was measured using Duoset human IFN-1 enzyme-linked immunosorbent assay (ELISA) kit or human IFN-b ELISA kit (R&D Systems) according to the manufacturer's protocol.
Statistical analysis
Results were representative of at least three independent experiments. The values were expressed as mean and standard deviation (SD) of individual samples. Statistical significance was determined by the Student's t-test. A P < 0.05 was considered a significant difference between the experimental groups. (25) , and a further study demonstrated that the IFN-1 gene could be induced when HeLa cells were treated with IFN-a ( Figure 1A) . These results suggest that IFN-inducible factors may be required for the induction of IFN-1 in HeLa cells. Therefore, we treated cells with siRNA targeting different IFN-a-inducible genes, and the cells transfected with nontargeting siRNAs as a negative control. As shown in Figure 1B , we did not identify any factor that dramatically inhibited IFN-1 production, although the target genes were knocked down. Conversely, and unexpectedly, many of these siRNAs, with or without knocking down targets, induced IFN-1 production. We also noticed that two siRNAs with the same target showed different effects on IFN-1 induction. For example, both siTRIM21-1 and siTRIM21-2 knocked down the TRIM21 gene; however, the cells treated with siTRIM21-1 produced higher levels of IFN-1 production. Of interest, Non-human Ctrl siRNA that was used as a Non-targeting siRNA induced a significantly high level of IFN-1 production. It was speculated that diversity in the IFN-1 induction among different siRNAs was owing to the difference in siRNA stability. To compare the stability among siRNAs, an siRNA stability assay was performed using Non-human Ctrl siRNA and three other siRNAs, siGFP, siDENND2D-2 and siTRIM21 Figure S1) , indicating that the capabilities of the siRNA to induce IFN-1 were not correlated with their stabilities in HeLa cells. Based on this unexpected observation, we concluded that siRNA significantly induced type III IFN in our experimental settings, and this non-specific activity was induced via a target-independent manner and with no correlation with their stability. Non-human Ctrl siRNA was used as siRNA stimulant in the subsequent experiments.
RESULTS
Chemically
To further confirm this observation, RD, HEK293, THP-1 and iDC cells were examined using similar experimental conditions ( Figure 1C ). Compared with those without siRNA transfection before DNA transfection, the cells sequentially transfected with siRNA and DNA showed significantly higher levels of IFN-1 gene production. These results in RD, HEK293, THP-1 and iDC cells were consistent with those observed in HeLa cells. Therefore, siRNA-induced type III IFN is not unique to HeLa cells; siRNA can also induce IFN-1 production in other cell lines and even in primary cells.
Because siRNA-induced IFN-1 production was based on the sequential transfection of siRNA and DNA, we further tested whether siRNA transfection alone can induce similar levels of IFN-1. We treated HeLa cells with Non-human Ctrl siRNA and further transfected them with or without DNA. The result showed that siRNA transfection alone induced low levels of IFN-1; however, the cells that were transfected with siRNA followed by DNA transfection induced IFN-1 at a level 1000-fold greater than untreated cells, indicating that DNA transfection is required for siRNA to induce a high level of type III IFN response ( Figure 1D ). Quantification of IFN-1 in culture supernatants using ELISA showed that only cells transfected with a combination of siRNA and DNA induced IFN-1 up to a concentration of 1000 pg/ml. The protein levels in untreated cells and cells transfected with siRNA alone were below the level of detection (62.5 pg/ml) ( Figure 1E ). We also measured the protein amounts of IFN-b in the transfection supernatants. IFN-b was also induced by the transfection, but the induced amounts are much lower than that of IFN-1 ( Figure 1E ). To evaluate biological relevance of IFN-1 induction, we tested whether the amounts of the induced IFN-1 is high enough to inhibit human immunodeficiency virus (HIV)-1 replication in primary macrophages and dendritic cells. In consistence with another study (28) , >1000 pg/ml of IFN-1 was sufficient to inhibit HIV-1 replication in macrophages and also in iDCs (Supplementary Figure S2) , suggesting that the off-target effect by siRNAs may have an impact on antiviral effect.
Characterization of non-specific activities of siRNA
To determine whether excluding the transfection lipid has an impact on IFN-1 activity, HeLa cells were transfected with lipid, naked siRNA or the siRNA-lipid complex. Only siRNA delivered by lipid, rather than lipid itself or naked siRNA, induced high levels of IFN-1 production (Figure 2A ). Because chemically synthesized siRNA is a double-stranded RNA, we tested whether sense or antisense single-stranded siRNA was able to induce IFN-1. The results indicated that only double-stranded siRNA induced type III IFN response ( Figure 2B ). To further characterize the immunostimulatory capacity of siRNAs, HeLa cells were transfected with Non-human Ctrl siRNA at a concentration ranging from 0.001 to 100 nM, followed by DNA transfection. As shown in Figure 2C , the Non-human Ctrl siRNA induced IFN-1 at concentrations as low as 1 nM and plateaued at 10 nM. Taken together, siRNA-induced type III IFN appeared to respond in a dose-dependent manner. Next, we performed a kinetic analysis of siRNA-induced type III IFN response. The results shown in Figure 2D clearly indicated that IFN-1 production reached its peak at 6 h after DNA transfection regardless of whether siRNA was transfected. These results consistently indicated that siRNA highly enhanced DNA-mediated IFN-1 production. Our results demonstrated that IFN-a treatment was required for HeLa cells but not for other cell types to induce siRNA effect on the DNA-mediated type III IFN response ( Figure 1C ). To further define the role of IFN-a treatment in HeLa cells, the cells were treated with IFN-a at different concentrations and then the relative IFN-1 mRNA expression was compared (Supplementary Figure S3) . The data indicated that IFN-a treatment dose dependently enhances siRNA and DNA-mediated IFN-1 production, and in the absence of IFN-a, siRNA had no significant impact on the DNA-mediated gene activation in HeLa cells.
At least one TT overhang at the 3 0 terminus is required for siRNA to highly enhance DNA-mediated IFN-j1 induction It has been reported that blunt ends at the termini are an essential structure for siRNA to induce type I IFN (29) . In this study, all chemically synthesized siRNAs are composed of 19 nt double-stranded RNA with a two thymidine base (TT) overhang at the 3 0 terminus of each strand ( Figure 3A) . We examined whether this structure was essential for type III IFN induction. The siRNA with two 3 0 -end TT overhangs (2 Â 3 0 TT) represents general siRNA used for RNA interference. Other overhang structures, blunt end, two 5 0 -end overhang (2 Â 5 0 TT), a combination of 5 0 -end and 3 0 -end overhangs (5 0 TT+3 0 TT), one 5 0 -end overhang (5 0 TT) and one 3 0 -end overhang (3 0 TT), were tested in this study ( Figure 3A) . The result showed that the siRNA with 2 Â 3 0 TT, 5 0 TT+3 0 TT or 3 0 TT induced higher levels of IFN-1 production by >8-fold. In contrast, siRNA with a blunt end, 2 Â 5 0 TT or 5 0 TT overhangs had, on average, only a 4-fold IFN-1 production compared with the cells without siRNA transfection ( Figure 3B ). To define cell specificity, we performed the same experiment using THP-1 cells. A similar trend in the IFN-1-inducing activity was observed in THP-1 cells ( Figure 3C ). These results suggested that, unlike the blunt end siRNA-mediated type I IFN response (30) , at least one TT overhang at the 3 0 terminus is required for chemically synthesized siRNA to significantly enhance DNA-mediated type III IFN activity. It was speculated that the overhang structure may change the susceptibility of the siRNA to nuclease digestion, therefore led to the differences in the IFN-1 induction. To compare the stability of the siRNAs, real-time RT-PCR was performed to quantitate the remaining intact siRNA in the cells. The result indicated that siRNA with 2 Â 3 0 TT overhang is less stable than siRNA with other type of overhang. However, the variation in stability of siRNA does not correlate with their IFN-1 induction (Supplementary Figure S4) .
Type III IFN is stimulated through crosstalk between RIG-I and IFI16 signalling pathway
To investigate the molecular mechanism by which siRNA induces type III IFN, a series of pull-down assays using siRNA-or DNA-conjugated magnetic beads were conducted to identify siRNA and DNA sensor proteins in IFN-a-treated HeLa cells. Cytosolic fractions from IFN-a-treated HeLa cells were incubated with siRNAconjugated magnetic beads with or without 10-fold excess amounts of Non-human Ctrl siRNA or plasmid DNA as competitors. The proteins bound on the beads with or without competitors were separated using sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and identified by MS analysis. The addition of the siRNA competitor led to the disappearance of the specific siRNA binding protein. The MS analysis identified RIG-I as the siRNA binding protein, which was further confirmed using western blot ( Figure 4A ). When a 10-fold amount of siRNA was added as a competitor, the band corresponding to RIG-I completely disappeared. In contrast, when plasmid DNA was added as a competitor, the RIG-I protein band persisted, suggesting RIG-I specifically bound to siRNA. To elucidate the DNA-binding protein in the cytosol, a similar set of studies were performed using DNA-conjugated beads. The result indicated that IFI16 was a DNA binding protein ( Figure 4B ). RIG-I activation after ligand binding is thought to involve multiple steps that include the activation of its ATPase activity, conformational changes and oligomerization (31, 32) . To determine whether siRNA induces RIG-I oligomerization, we performed a size-exclusion chromatography using cytosolic fraction from 293T transfected by RIG-I expression vector with or without siRNA. The result demonstrated that, in the presence of siRNA, RIG-I was eluted in higher molecular mass fractions (Supplementary Figure S5) , indicating that chemically synthesized 19-nt siRNA induces oligomerization of RIG-I. To precisely demonstrate the interaction of siRNA and RIG-I, the AlphaScreen assay was performed using purified Flagtagged RIG-I protein and siRNA in a cell-free assay system. As shown in the Supplementary Figure S6 expression vector, and then the cell lysate was subjected for siRNA pull-down assay using siRNA-conjugated beads. The siRNA bound proteins were this study and 5 0 PPP structure may not play a key role in the DNA-mediated IFN induction.
To determine whether RIG-I and IFI16 are involved in the siRNA-enhanced DNA-mediated IFN-1 production, we performed an IFN-1 reporter assay. In our previous work, we demonstrated that transfection with any DNAinduced IFN-1 in HEK293 cells; however, transfection of DNA into 293T did not induce the gene activation (25) . To compare the difference in DNA-mediated IFN-1 activation between HEK293 and 293T cells, a GFP expression vector, pCMV-GFP, was transfected into both cells and gene expression was compared. Both cells expressed a high level of GFP on transfection, suggesting that both cells were sufficiently transfected by plasmid DNA (Supplementary Figure S8A) . The transfection, however, did not induce IFN-1 gene activation in 293T cells (Supplementary Figure S8B) . To compare the endogenous level of RIG-I and IFI16 expression in HEK293 and 293T cells, western blot analysis was performed. The result indicated that the level of RIG-I expression was low or below the level of detection in both cell lines. However, HEK293 expresses a higher basal level of IFI16 compared with that of 293T cells (Supplementary Figure S8C) . Meanwhile, untreated HeLa cells express endogenous IFI16 but not RIG-I (Supplementary Figure S8D) . These results indicated that 293T cells are appropriate for studying the IFN-1 promoter function using a reporter plasmid with a series of expression plasmids. 293T cells were co-transfected with pGL4-IFN-1 and different amounts of RIG-I plasmid with 0 or 100 ng of IFI16 expression plasmid and then stimulated with siRNA and DNA ( Figure 4C ). The results indicated that overexpression of RIG-I dosedependently activated IFN-1 promoter activity. In the presence of the IFI16 expression plasmid, RIG-I significantly enhanced the promoter activity. We next studied the impact of IFI16 expression plasmid on IFN-1 promoter activity. 293T cells were co-transfected with pGL4-IFN-1 and various amounts of the IFI16 expression vector with 0 or 100 ng of RIG-I plasmid followed by stimulation of siRNA and DNA ( Figure 4D ). However, IFI16 alone was not sufficient to activate the IFN-1 promoter. Only in the presence of RIG-I, IFI16 was able to activate the IFN-1 promoter in a bell-shaped dose-dependent manner. A combination of co-transfection of 100 ng of RIG-I expression vector and 200 ng of IFI16 expression plasmid induced the maximum level of luciferase activity. To confirm whether the IFN-1 promoter activity is induced by siRNA or DNA transfection alone, a control experiment was performed using 293T cells co-transfected with RIG-I and IFI16 expression vector. The results illustrated that with the co-transfection of RIG-I and IFI16 vector, siRNA alone or DNA alone is not able to induce a high level of the IFN-1 promoter activation (Supplementary Figure S9) . Collectively, these data indicated that activation of the IFN-1 promoter was enhanced by siRNA and DNA co-stimulation via a RIG-I and IFI16 crosstalk pathway.
To define the mechanism of the crosstalk between RIG-I and IFI16, we performed a set of siRNA pull-down assay using RIG-I or/and IFI16-overexpressed 293T cell lysate. The result shown in the Figure 4E indicated that both RIG-I and IFI16 can independently bind siRNA, and the binding was persistent even in the presence of both RIG-I and IFI16, suggesting that RIG-I and IFI16 bind with siRNA at different binding sites. As shown in Fig 4D , overexpression of IFI16 alone had no impact on IFN-1 promoter activation. Therefore, the physical binding between siRNA and IFI16 is not sufficient to trigger IFN-1 transduction.
To further define how RIG-I and IFI16 crosstalk and initiate downstream signalling, we designed a coimmunoprecipitation assay to determine whether IFI16 interacts with RIG-I in the context of siRNA and DNA stimulation ( Figure 4F ). The results showed that IFI16 was co-immunoprecipitated with RIG-I only on siRNA transfection ( Figure 4F, Lane 3) . Interestingly, IFI16 dissociated from the RIG-I-siRNA-IFI16 complex when cells were further transfected with DNA ( Figure 4F , Lane 4). It appears that siRNA stimulation leads to the formation of a complex between RIG-I and IFI16. On DNA transfection, this complex dissociates owing to a possible conformational change. Because a sequential transfection of siRNA followed by DNA is the experimental condition for the cells to induce high levels of IFN-1, and our pulldown assay suggested that RIG-I and IFI16 are the sensors to bind with transfected siRNA and DNA, respectively. Therefore, the co-immunoprecipitation assay results indicated that IFI16 first formed a complex with RIG-I and siRNA, and then released from the complex on the subsequent transfection with DNA and formed a new complex with the DNA. These results suggested that the dissociation of IFI16 switches on the downstream signalling pathway.
To precisely demonstrate whether the association of RIG-I and IFI16 is mediated through siRNA, we collected the cell lysate from FLAG-RIG-I overexpressed and siRNA transfected cells and the cell lysate was treated with RNase V1, which cleaves the base-paired nt residues, and then a co-immunoprecipitation assay was performed ( Figure 4G ). The results illustrated that without RNase V1 treatment, RIG-I formed the complex with the IFI16 (Lane 1). However, after the cell lysate was treated with RNase V1, the band of IFI16 was diminished (Lane 2). Those results further supported that IFI16 forms a Figure 4 . Continued separated on SDS-PAGE gels, western blot was performed to detect RIG-I and IFI16. (F) HeLa cells were transfected with flag-tagged RIG-I vector and further stimulated with siRNA and DNA transfection on day 2 or day 3, respectively. Cytosolic lysates were immunoprecipitated using anti-flag antibody. Precipitated proteins were analysed by western blot using anti-flag and anti-IFI16 antibodies. Input controls were also included. (G) HeLa cells were transfected with FLAG-RIG-I vector followed by siRNA transfection. The cells were lysed by Pierce IP lysis buffer and treated with or without RNase V1. The treated samples were then immunoprecipitated by anti-FLAG conjugated agarose and analysed by western blot using anti-FLAG and anti-IFI16 antibodies.
complex with RIG-I in the presence of siRNA, thus siRNA is an essential factor for making the complex.
The association of RIG-I and IFI16 through siRNA is not related with the sequence or DNA overhang of the siRNA
We have demonstrated that non-human Ctrl siRNA enhanced DNA-mediated IFN-1 induction through a crosstalk signalling pathway between RIG-I and IFI16. To define whether the association of RIG-I and IFI16 via siRNA is specific to Non-human Ctrl siRNA, a series of siRNA pull-down assays were performed using siGFP, siDENND2D-2 and siTRIM21-1 ( Figure 5A ). Those siRNAs possess the similar stability but with different levels of IFN-1 induction (Supplementary Figure S1) . In consistence with the results showed in the Figure 4E , the data from this assay demonstrated that all siRNAs did pull down RIG-I along with IFI16, and the addition of the DNA competitor induced a dissociation of IFI16, therefore the interaction of RIG-I and IFI16 via siRNA is caused in a siRNA sequence independent manner.
The siRNA we used in this study possesses 2-nt DNA overhang at their 3 0 terminus. IFI16 is previously known as a DNA binding protein (33) , and so it is possible that the binding of IFI16 with siRNA was through the DNA overhang of the siRNA. To determine whether the overhanged DNA played a role in the association, we performed a pull-down assay using a blunt end siRNA. The result demonstrated that RIG-I is still associated with IFI16 through the blunt end siRNA, and the DNA competitor induced a dissociation of IFI16 from the complex ( Figure 5B ).
IFN-j1 is induced through the STING-TBK1-IRF3 pathway
We next assessed what downstream signal mediators were involved in the induction of IFN-1. STING (TMEM173) is a signalling protein required for TBK1-dependent IFNb responses to virus infection and DNA transfection (34, 35) . IFI16 senses intracellular DNA, which induces IFN-b induction via the STING, TBK1, IRF3 pathway (33) . It is possible that the induction of IFN-1 uses a similar pathway. Therefore, an IFN-1 reporter assay was conducted by overexpression of the downstream components STING and TBK1 in 293T cells ( Figure 6A) . Indeed, the overexpression of STING or TBK1 was sufficient to enhance the activity of IFN-1 promoter ( Figure 6A : lanes C2 and C3). The highest level of IFN-1 induction was obtained when TBK1 and STING were co-transfected with RIG-I and IFI16 ( Figure 6A : lanes C4, C5 and C6). These results suggested that both STING and TBK1 were involved in the siRNA-induced type III IFN pathway, and that the activation of downstream STING and TBK1 was required for induction of the type III IFN response.
It has been reported that STING is an indispensable signal mediator that promotes the phosphorylation of IRF3 by TBK1 in the cytosolic DNA signalling pathway (36) . Having confirmed that both STING and TBK1 are involved in the siRNA-induced IFN-1 production, we next examined whether IRF3 was also activated in this signalling transduction pathway. Two different siRNAs targeting IRF3 were used to knock down IRF3 and tested whether the siRNA-enhanced IFN-1 induction was affected. The results indicated that IFN-1 gene expression was significantly decreased when IRF3 was knocked down, supporting that IRF3 has a direct role in activating type III IFN response ( Figure 6B) . Furthermore, A Native PAGE was used to detect dimerization of IRF3 (an active form of IRF3 to transduce signalling). HeLa cells were transfected with siRNA and DNA, and the cells were lysed at different time points after DNA transfection, as indicated in Figure 6C . IRF3 dimerization occurred within 1 h after DNA transfection and reached its peak at 3 h after DNA transfection. The ratio of IRF3 dimer to IRF3 monomer was calculated by NIH Image J software (data shown in the lower panel of Figure 6C ). The results indicated that the activation of IRF3 is also involved in the type III IFN induction pathway. The kinetic process of IRF3 dimerization is consistent with the time course of the siRNA-induced IFN-1 response ( Figure 2D ).
siRNA enhances HSV-1 infection-mediated type III IFN
To ascertain the physiological relevance of our findings, we examined whether siRNA could induce a potent IFN-1 induction even in the presence of DNA virus infection. Figure 7A ). To determine the roles of RIG-I, IFI16, TBK1 and STING in the DNA virus-mediated type III innate immunity, we also delivered siRNA targeting RIG-I (siRIG-I-1 and siRIG-I-2), IFI16 (siIFI16-1 and siIFI16-2), TBK1 (siTBK1-1 and siTBK1-2) and STING (siSTING-1 and siSTING-2). IFN-1 production was significantly reduced when RIG-I, IFI16, TBK1 and STING were knocked down. The knockdown efficiency of the siRNA was confirmed by western blot ( Figure 7B ). We also knocked down mitochondrial antiviral signalling protein (MAVS), another important signalling mediator that functions downstream of RIG-I (37). Compared with the result from knocking down of STING, knocking down of MAVS suppressed the IFN-1 gene induction by $20-50% (Supplementary Figure S10) , suggesting that MAVS is partially involved, and with less contribution as that of STING in the RIG-I and IFI16 crosstalk signalling pathway. Taken together, our data indicated that siRNA also enhanced a DNA virus, HSV-1 infection-mediated type III IFN response and RIG-I, IFI16, STING and TBK1 were involved in the DNA virus infection-mediated IFN-1 induction. We also assessed the effect of the overexpression of RIG-I, IFI16, STING and TBK1 in the siRNA-and HSV-1-mediated IFN-1 induction. To define the impact of overexpressed proteins, we treated cells with a suboptimal concentration of IFN-a (100 U/ml) with a short incubation time (6 h). This treatment conferred a lower background of IFN-1 induction. The results indicated that the virus-mediated IFN-1 induction was highly increased when the cells were overexpressed with RIG-I, IFI16, STING or TBK1 (Figure 7C and D) . It is noted that the . Cells were then treated with IFN-a (1000 U/ml) followed by DNA transfection on day 2 and day 3, respectively. RNA was extracted 6 h after DNA transfection. Relative IFN-1 mRNA expression level was measured by real-time RT-PCR and compared with the cells treated with IFN-a and DNA transfection but without siRNA transfection. **P < 0.001 (Student's t-test). (C) Top: HeLa cells were stimulated with 10 nM siRNA and then treated with IFN-a (1000 U/ml) and plasmid DNA transfection (1 mg). Cells were lysed at different time points after DNA transfection. HeLa cells stimulated by Poly(I:C) for 1 h were set as a positive control for IRF3 activation. The collected cell lysates were separated on native PAGE and analysed by western blot using anti-IRF3 antibody. Bottom: band intensity of IRF3 dimer relative to that of IRF3 monomer was assessed by NIH Image J.
overexpression of RIG-I, IFI16, STING or TBK1 alone could induce a certain level of IFN-1; however, this level was much lower than that induced by the cells with overexpression and siRNA stimulation. Taken together, RIG-I, IFI16, STING and TBK1 play an important role in the siRNA-enhanced HSV-1 infection-mediated IFN-1 induction pathway.
DISCUSSION
It has been reported that chemically synthesized siRNAs can non-specifically induce innate immune response and produce off-target effects through PRRs, including TLR3, TLR7/8 and PKR (20, 38) . However, knowledge of the immunostimulatory effects of siRNA is still limited. It is not clear whether siRNA induces, or has any effects on the response of type III IFN, a newly characterized IFN with type I IFN-like antiviral activity. Results from the current study demonstrate that siRNA can synergistically enhance DNA-mediated type III IFN response through a novel crosstalk signalling pathway between RNA and DNA sensor.
The current study demonstrated that siRNA induces type III IFN response in a dose-dependent manner. When double-stranded, sense or antisense single-stranded siRNA was transfected into the cells, only double-stranded siRNA induced higher levels of type III IFN. It is reported that sense single-stranded siRNA is usually able to induce type I IFN or proinflammatory cytokines at the similar level as that induced by double-stranded siRNA through the TLRs (17, 20) . This discrepancy is likely due to a difference in receptors: the siRNA-sensing protein identified in our study is RIG-I, rather than endosomal TLRs. Singlestranded siRNA is probably not sufficient to activate RIG-I activity. In this regard, our data support the view that recognition of non-self RNA by RIG-I requires the presence of double-stranded RNA, at least of short double-stranded RNA (30) . Innate immunity is a rapid response in which invading pathogens are efficiently detected by host PRRs. The type III IFN response triggered by siRNAs reaches its peak 6 h after stimulation, a response that is considered rapid, and is the cell's first line of defence against pathogen. Furthermore, this response is not restricted to HeLa cells but also exists in other cell lines and primary dendritic cells, suggesting that siRNA-induced type III IFN response is a common immune response. And we further proved that the IFN-1 produced in this system is high enough to inhibit HIV-1 virus replication in primary macrophages and dendritic cells, supporting a more physiological relevance to the antiviral effect of IFN-1. Taken together, these findings provide a novel basic profile for siRNA-induced type III IFN response.
Activation of RIG-I by 5 0 -end triphosphate RNA leads to its association with MAVS and activation of downstream cytosolic kinases, which in turn activate the transcription factors IRF3 and NF-kB, respectively (39, 40) . In the current study, we have demonstrated that a 19-nt siRNA also has the capability to bind with RIG-I and further induce its oligomerization. It has been reported that siRNAs produced by bacteriophage T7 RNA polymerase induce potent IFN-a and IFN-b in a variety of cell lines, and the 5 0 -end triphosphate is required for this induction (18) . However, in this study, we have demonstrated that 5 0 -end triphosphate is not required for DNA-mediated IFN response, suggesting that the mechanisms of the IFN induction are different between the absence and presence of DNA in signalling triggering. Furthermore, our findings have shown that at least a 2-nt overhang at one 3 0 terminus is required for siRNA to highly enhance DNA-mediated IFN-1 production, which is confirmed in HeLa cells and THP-1 cells, suggesting that the end structure of siRNA may contribute to RIG-I recognition and IFN-1 triggering. Of note, Marques et al. reported that having a blunt-end structure is essential for siRNA to induce type I IFN; therefore, the 2-nt overhang is added to evade the type-I IFN response (29) . This discrepancy further suggested that the mechanism of type III IFN induction probably differs from that of type I IFN induction. 5 0 GUCCUUCCAA 3 0 and 5 0 UGUGU 3 0 have been previously defined as IFN-or cytokine-activating motifs (20, 38) . None of the siRNAs in our study contains any of these sequences. We included 40 siRNAs to evaluate their IFN-1 immunostimulatory properties, and the results suggested that different siRNAs displayed various abilities to induce IFN-1 production with a target-independent manner, and further study is required to discover its sequence dependency. In addition, results from siRNA stability assay and the evaluation of siRNA binding affinity to RIG-I showed that the diversity in the IFN-1 inducing activity may not be correlated with their stability and affinity to RIG-I. Therefore, we propose that, as the ligand of RIG-I, the molecular or structural features for siRNA to trigger type III IFN are different from those required for type I IFN induction.
As we have noted above, DNA transfection is indispensable for siRNA-induced type III IFN response. Based on this observation, we hypothesized that the involvement of a DNA sensor may play an important role in initiating the type III IFN signalling pathway. The results indeed suggest an siRNA and DNA sensor crosstalk pathway. The dissociation of DNA sensor protein triggers the downstream STING-TBK1-IRF3 pathway as illustrated in Figure 8 . Although whether a type I IFN-inducing pathway or other potential co-activators are required for initiating the formation of RIG-I and IFI16 complex remains unclear, we demonstrated for the first time that in the presence of siRNA and DNA, a crosstalk pathway between RIG-I and IFI16 to induce a type III IFN response. In addition, we confirmed that in an HSV-1 (DNA virus) infection model, siRNA-induced type III IFN occurs through a RIG-I and IFI16 crosstalk and STING-TBK1-IRF3 signalling pathway, conferring a physiological relevance to our findings. We have previously identified that Ku70, a DNA repair protein, serves as a novel DNA sensor protein in cytosol and induces type III IFN response (25) . In this study, however, we demonstrated that IFI16 but not Ku70 acts as a DNA sensor to initiate downstream signalling in the presence of siRNA. A further study investigating the mechanism of regulation of the DNA sensing among Ku70, IFI16 and RIG-I is currently being conducted. Preliminary data suggested that in the presence of siRNA, RIG-I preferentially exerted a synergistic effect in the IFN-1 activation with IFI16 rather than Ku70 (data not shown). We hypothesized that in the presence of siRNA, the DNA sensing system may be altered, and cells differentially responded on siRNA and DNA stimulation. Another alternative interpretation would be that the transfected siRNA is recognized by RIG-I, and this RIG-I sensing pathway may prime some factor(s), which is an initiator for DNA sensing by IFI16. Therefore, this uncharacterized factor probably plays an important role to transduce signalling from RIG-I pathway to IFI16 pathway. Further study is required to precisely define this crosstalk between RIG-I and IFI16 signalling pathway. IFI16 was previously identified as a DNA sensor that induces type I IFN (33) . However, our study reveals it to be a DNA sensor that initiates type III IFN response. Our findings detailing the downstream signalling pathway was consistent with these previous studies (33, 34, 41) , supporting that type III and type I IFN responses share a partially similar signalling pathway.
This study also indicated that IFI16 is able to bind to siRNA even in the absence of RIG-I. And either RIG-I or IFI16 can independently bind with siRNA. Co-immunoprecipitation assay and RNase V1 cleavage experiment further delineated that RIG-I and IFI16 form a complex in the presence of siRNA. This association is not related with the sequence and the 2-nt DNA overhang of the siRNA. Additionally, this is the first time to demonstrate that IFI16 also bind with 19-nt small double-stranded RNA; however, the physical interaction between IFI16 and siRNA was not sufficient to trigger IFN-1 in the absence of RIG-I. At this moment, it is still unclear that how IFI16 interacts with siRNA to form the RIG-I-siRNA-IFI16 and how the siRNA-IFI16 interaction is involved in the IFN-1 signal induction, and a further molecular study is needed.
The immunostimulatory 'side effects' of siRNA must be taken into account when considering possible application of siRNA for in vivo therapy. Mice injected with immunostimulatory siRNAs present signs of toxicity, including elevated levels of serum alanine and aspartate aminotransferases, and a reduced number of lymphocytes and platelets (42, 43) . However, in some scenarios, activation of the immune system combined with siRNAmediated gene silencing might actually be desired, leading to enhanced therapeutic effects, suggesting that siRNA containing potent immunostimulatory molecular features could prove useful in the treatment of viral infections and tumours (44) . Gene silencing and immunostimulation, therefore, represent a double-edged sword in the use of siRNA in vivo (45) . Our findings demonstrate that chemically synthesized siRNA can enhance DNA-mediated type III IFN response in non-immune or immune cells, thus identifying a new immunostimulatory characteristic of siRNAs. Induction of IFN response, including not only type I IFNs but also type III IFNs, needs to be considered in interpreting the results of in vitro and in vivo siRNA-based gene silencing. The molecular or structural features and immunorecognition mechanism identified in this study will enable the development of methods to avoid immunostimulation of siRNA or the design of siRNA to take advantage of immunostimulation, depending on the aim.
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